ABSTRACT
31
fraction of mouse HSCs labeled with Hoxb5, a specific reporter of long-term HSCs (LT-HSCs).
32
We show that NEO1 +
Hoxb5
+ LT-HSCs are more proliferative and expand with age, while NEO1 
76
Here, we find that Neogenin-1 (NEO1), a transmembrane receptor of the immunoglobulin 77 family 27 , is expressed on a fraction of Hoxb5 + LT-HSCs and decreases with differentiation.
78
Although NEO1 has been extensively investigated as a receptor for axon guidance 28 
98
Gpcr5 family 38 , validating the utility of our approach. We also identified several novel markers of
99
HSCs that have not been previously reported (Fig. 1a) . Among the top 3 most enriched surface 100 markers on HSCs, Neogenin-1 (Neo1) was more highly expressed on HSCs compared to the 101 other two candidates (Fig. 1a,b) . Single-cell RNA-sequencing data of hematopoietic stem and Fig. 1a,b) . Neo1 was also 104 expressed on subsets of bone marrow stromal and endothelial cells and demarcated the 105 contours of trabecular bone ( Supplementary Fig. 2 ), suggesting its expression is not restricted
106
to hematopoietic cells in the bone marrow.
108
We next used flow cytometry to measure the relative protein levels of NEO1 on the surface of 2-
109
to-3-month-old early hematopoietic progenitors, multipotent progenitor subset A (MPPa), 
125
2e-h) in 2-month, 5-month, 13-month, and 22-month-old bone marrow. Consistent with the 126 overall expansion of pHSCs ( Supplementary Fig. 4a ), we observed that the total number of 127 Hoxb5 + LT-HSCs and Hoxb5 -ST-HSCs were significantly increased (Figure 2c,d) . The
128
frequency of Hoxb5 + LT-HSCs among pHSCs, although on average higher in bone marrow from 129 older (13-month-old and 22-month-old) than younger (2-month-old and 5-month-old) mice, was
130
highly variable in aged mice (Fig. 2a,b) .
132
Despite the variable expansion of Hoxb5 + LT-HSCs, the frequency of NEO1 + cells among
133
Hoxb5 + LT-HSCs progressively increased with age in a consistent manner (Fig. 2e,f) . In fact,
134
fewer than 2% of Hoxb5 + LT-HSCs in E16.5 fetal livers expressed surface NEO1, while >80% of 
136
while the number of NEO1 + cells per million whole bone marrow cells increased with age ( Fig.   137 2g), the number of NEO1 -Hoxb5 + LT-HSCs did not significantly change (Fig. 2h) 
161
( Fig. 3a-c; Supplementary Fig. 5 ). NEO1 + and NEO1 -Hoxb5 + LT-HSCs also did not differ in
162
the proportion of G0 cells in both 2-to-3-month-old and 12-to-14-month-old bone marrow (Fig.   163 3d; Supplementary Fig. 5 ).
165
However, NEO1 + Hoxb5 + LT-HSCs were significantly more often in G2/S compared to NEO1 -
166

Hoxb5
+ LT-HSCs in both young and old bone marrow ( Fig. 3f; Supplementary Fig. 5 ).
167
Moreover 
181
HSCs (Fig. 4c,d ).
183
To (Fig. 4f,g ). 
198
performed low-input full-length RNA-sequencing using the Smart-Seq2 protocol 43 (Fig. 5a) .
199
Paired gene expression comparison of the two populations identified 1,036 differentially
200
expressed genes (false discovery rate P-adjusted < 0.1; Fig. 5b; Supplementary Fig. 6a ;
201
Supplementary 
207
ribosomal RNA expression ( Fig. 5c; Supplementary Fig. 6 ).
209
We 
217
with expression profiles of previously reported myeloid-biased LT-HSCs (Fig. 5d, top) , while 218 NEO1 -LT-HSCs were enriched for the balanced LT-HSC signature (Fig. 5d, bottom) .
219
Altogether, these data suggest that LT-HSCs may sample regions of the transcriptome 220 associated with their lineage fate decisions.
222
Finally (Fig 5e,f) . Leveraging combinations of both surface markers will 314 likely improve the purification of balanced LT-HSCs from lineage-biased LT-HSCs.
316
Our results also bring to question the hierarchical relationship between lineage-primed and 
368
Taken together, we have identified a novel marker on the surface of Hoxb5 + LT-HSCs, Neogenin- 
MATERIALS AND METHODS
375
Mice 376 
484
To isolate HSCs from E16.5 fetal liver, fetal livers were dissected from 6-8 embryos of pregnant 485 mothers as previously described 59 and single-cell suspensions were prepared by gently 486 crushing the tissue through a 40-μm nylon mesh using a syringe plunger. Samples were RBC-
487
depleted and Fc-blocked as described above.
489
Samples for mouse HSC isolation were stained with a cocktail of antibodies against lineage 
499
Flow cytometry and cell sorting were performed on the BD FACSAria and BD LSRFortessa.
500
Gating strategy for the different populations is shown in Supplementary Figure 3. 7-AAD or
501
DAPI were used as a viability dye for dead cell exclusion, depending on the assay. All cells
502
were suspended in FACS buffer (2% FBS in PBS) on ice unless otherwise indicated.
504
Myeloablative 
511
Human hematopoietic stem cells 
546
After sequencing, bcl2fastq2 v2.18 (Illumina) was used to extract the data and generate FASTQ 547 files for each sample by using unique barcode combinations from the Nextera preparation. Raw 548 reads were trimmed for base call quality (PHRED score >=21) and for adapter sequences using 
552
RNA sequencing analysis
553
Count normalization and differential gene expression analysis was performed using the DESeq2 554 v1.22.2 package in R 44 . Raw counts from STAR were inputted into a DESeqDataSet object 555 indicating NEO1 status ('status') and mouse subject ('subject') as factors ('design = ~subject + 556 status'). Counts were size-factor normalized using the 'DESeq' function and log2-transformed.
557
Pairwise differential gene expression analysis was performed using the lfcShrink function and 558 indicating 'type = apeglm', which applies the adaptive t prior shrinkage estimator. As 559 recommended 44 , a threshold of P-adjusted < 0.1 was used to define significance for differentially 560 expressed genes (Supplementary Table 2 ).
562
Gene set enrichment analysis (GSEA) was performed using the GSEA software provided by the 
603
Supplementary Tables:
604
609
Supplementary Table 3 Inventory of antibodies and reagents 
637
in the mouse bone marrow at 2 (n = 7 mice), 5 (n = 7 mice), 13 (n = 6 mice), and 22 (n = 9 mice) 
649
Statistical significance was calculated using an unpaired, two-tailed Student's t-test between 2 650 months and each time point. ***P < 0.001, ****P < 0. 
670
using an unpaired, two-tailed Student's t-test. ns = non-significant, P > 0.05, *P < 0.05, **P < 0.01. 
695
Student's t-test adjusted for multiple hypothesis testing with Benjamini-Hochberg procedure. *P-696 adjusted < 0.05, **P-adjusted < 0.01, ***P-adjusted < 0.001, ****P-adjusted < 0.0001. 
